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Abstract 

This study describes the co-precipitation synthesis of magnetic bentonite-Fe3O4 for photocatalytic degradation of methylene blue and Congo red 
pigments under visible light. Bentonite-Fe3O4 composites were produced using the mass ratio of 2:1 and 1:1 for bentonite to Fe3O4, respectively. 
X-ray Powder Diffraction (XRD), Fourier Transform Infra-Red (FTIR), BET surface area, Vibrating-Sample Magnetometer (VSM), Scanning 
Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS), and Ultraviolet–Visible Diffuse Reflectance Spectroscopy (UV DRS) 
were used to characterize the materials. The bentonite-Fe3O4 (1:1) composite exhibited a greater surface area in comparison to the bentonite-
Fe3O4 (2:1) composite with a measured value of 106.6 m2/g. It is a superparamagnetic material with a band gap of 2.25 eV and a saturation 
magnetization of 69.64 emu/g. The photocatalytic degradation of dye using bentonite-Fe3O4 (1:1) with the initial dye concentration of 25 mg/L, 
volume of 50 mL, catalyst dose of 0.05 g/L, addition of 3 mL H2O2, and 90 minutes of visible irradiation resulted in 94.34% and 98.45% 
degradation efficiency of methylene blue and Congo red dyes, respectively. The study determined that the most favorable pH for the 
photocatalytic degradation of methylene blue was pH 11, whereas the optimal pH for Congo red was found at pH 5.  For methylene blue and 
Congo red dyes, photocatalytic degradation followed pseudo-first-order with the constant rates of 0.0356 min-1 and 0.0348 min-1, respectively. 
After five cycles of use in the photocatalytic process, the catalyst's degradation efficiency fell into below 5%. This research demonstrated that 
catalysts could be utilized in wastewater treatment technology. 
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1. Introduction  

Environmental pollution is a significant problem, and one of 

the pollutants of concern is dyes. Industries whose processes 

produce waste containing dyes include the textile, leather, food, 

cosmetic, paper, pharmaceutical, plastic, and dye product 

industries [1,2]. Liquid waste from industries using high dyes 

significantly impacts aquatic ecosystems and human health [3, 

4]. Wastewater containing dyes can cause water problems, 

including high chemical oxygen demand (COD), reduced light 

penetration, reduced oxygen concentration in waters, and 

mutagenic or carcinogenic effects [5,6]. More than 100 types 

of commercial dyes are available and 7.105 tonnes of dyes are 

produced. Since the most of dyes are disposed of as waste [7], 

it is of utmost significance to minimize the dye levels in 

industrial wastewater prior to its release into the ecosystem. 

Various technologies have been employed to reduce the 

concentration of the dye, such as adsorption [4], coagulation-

flocculation [8], electrochemical oxidation [9], membrane 

separation [10], ozonation [11], and photocatalytic degradation 

[12]. Photocatalytic degradation here becomes a promising 

method to manage this problem as it can oxidize harmful 

organic and inorganic pollutants [13,14]. Upon the energy 

absorption, the photocatalyst undergoes the excitation of 

electrons from the valence bond (VB) to the conduction band 

(CB). The process results in vacancies in the VB (h+) and 

photoinduced electrons in the CB (e-). During the entirety of 

the reaction process, the photocatalyst remains unaltered. The 

VB holes indicate a potent oxidation capability, while the 

conducting electron acts as a reducing agent. [15]. 

Spinel ferrite is denoted by MFe2O4 where M signifies the 

metal cation. It can exhibit magnetic properties that can be used 

for many applications [16,17]. Ferrite is an n-type 

semiconductor with exceptional magnetic properties and 

chemical stability. It has a band gap less than or equal to 2 eV 

and becomes efficacious under visible light irradiation [18,19]. 

Spinel structure increases photocatalytic efficiency because the 

active catalyst site is located in the crystal lattice [20]. TiO2 and 

ZnO are semiconductors often used for photocatalysts with 

band gap > 3.0 eV [21]. The drawback is that they primarily 

absorb UV light less than 4% absorption occurred in the visible 
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region. TiO2 or ZnO undergoes fast recombining photo-

generated holes and electrons during photocatalytic 

degradation [22,23]. Therefore, it is relevant to develop 

catalysts capable of absorbing visible light. After 

photocatalytic degradation, ferrite compounds, due to their 

magnetic properties, can be separated from the solution using 

permanent magnets. Several ferrite compounds have been used 

for photocatalytic degradation [24], Fe3O4 for the degradation 

of naphthalene [25], ZnFe2O4 for the degradation of green 

malachite and rhodamine B [22] and CoFe2O4 for the 

methylene blue dye degradation [19].  

Fe3O4 (magnetite) is a ferrite compound used as a 

heterogeneous catalyst for having high magnetic properties, 

and being stable, low-cost, and environmentally friendly [26]. 

Some its disadvantages are that it is easy to agglomerate and 

unstable under acidic conditions [27]. To avoid agglomeration, 

some studies combined it with several materials, such as 

chitosan [28], magnetic graphene oxide-biomass activated 

carbon [29], and Fe3O4/PVA [30]. Meanwhile, bentonite is 

widely used for catalytic support [31]; it has a potential to be 

combined with Fe3O4 because of its excellent adsorption 

properties, interlayer space on the surface, low cost, chemical 

and mechanical stability, and great abundance [32-33]. 

Bentonite can protect Fe3O4 from agglomeration, oxidation, 

and the stability of Fe3O4 in acidic media [34]. Previous 

research indicated that bentonite possesses a band gap 

exceeding 3 eV. The introduction of MnO2 onto bentonite 

results in a reduction of the band gap by approximately 2 eV, 

thereby enabling the absorption of visible light irradiation [30]. 

The catalyst is combined with an oxidizing agent, such as 

H2O2 to increase the degradation efficiency. The addition of 

H2O2 increases the number of hydroxyl radicals in the dyes' 

degradation [19]. Another study showed that the photocatalytic 

degradation combination using NiFe2O4 and H2O2 increased 

the Congo red dye degradation efficiency compared to NiFe2O4 

[23], and the photocatalytic efficiency of methylene blue dye 

using Fe3O4 + H2O2 was more significant than Fe3O4 [35]. 

In this study, the co-precipitation method was utilized to 

synthesize bentonite-Fe3O4 magnetic. The product was 

employed for the photocatalytic degradation of synthetic dyes. 

The effects of pH solution, initial dye concentration, H2O2 

volume, and irradiation time were studied as well.  

2. Materials and Methods 

2.1. Materials 

Chemicals, including Iron(III) chloride hexahydrate 

(FeCl3.6H2O), Iron(II) chloride tetrahydrate (FeCl2.4H2O), 

hydrogen peroxide (H2O2), hydrochloric acid (HCl), sodium 

hydroxide (NaOH), methylene blue (C16H18ClN3S) and Congo 

red (C32H22N6Na2O6S2), sodium chloride (NaCl) were procured 

from Sigma-Aldrich, United States and were of high purity. 

Meanwhile, natural bentonite was obtained from Sorolangun, 

Jambi. 

2.2. Bentonite preparations 

The natural bentonite was dried in an oven at 105ºC for 10 

hours. The substance underwent grinding via a mortar and 

subsequent sieving through a 200 mesh. The powder was 

soaked in 1%HCl solution for 4 hours at room temperature and 

washed using deionized water until reaching the neutral pH. 

Meanwhile, bentonite was dried in an oven at 105ºC for 2 

hours.  

2.3. Synthesis of bentonite-Fe3O4 

The composite with a mass ratio of bentonite: Fe3O4 = 1:1 

was prepared as follows. 25 mL deionized water containing 

1.72 g FeCl2·4H2O, and 4.67 g FeCl3·6H2O, 2.0 g bentonite 

was added. The resulting mixture was agitated with a magnetic 

stirrer and heated to a temperature of 60ºC. A 1 M NaOH 

solution was gradually added to the solution while stirring at 

100 rpm for about one hour until the pH reached approximately 

10. Permanent magnets were employed to separate the black 

precipitate (bentonite-Fe3O4) from the solution. The 

precipitate underwent neutralization with distilled water and 

subsequently was dried in an oven at 105ºC for 1 hour. 

Bentonite-Fe3O4 (2:1) was prepared through a similar method 

using bentonite mass 4.0 g.   

2.4. Characterization 

Various instruments were utilized to characterize bentonite, 

bentonite-Fe3O4 (2:1), and bentonite-Fe3O4 (1:1). Structural 

characterization was conducted using X-ray diffraction (XRD 

PANalytical) with Cu-Kα radiation (λ=1.5418Å), range 2θ = 5-

80º at the scan rate of 0.03º min-1. Functional groups were 

determined using Fourier Transform Infrared (FTIR Prestige 21 

Shimadzu) at wave numbers 400-4000 cm-1. Meanwhile, a 

scanning Electron Microscope-Energy Dispersive 

Spectrometer (SEM-EDS JOEL JSM 6510 LA) was used to 

determine the morphology and element composition. The 

magnetic properties were analyzed using a Vibrating Sample 

Magnetometer (VSM Oxford Type 1.2 T), while the surface 

area and pore size analyzer were investigated using N2 

adsorption-desorption (Quantachrome NOVa Touch 4LX). 

Band gaps were explored using Ultraviolet–Visible Diffuse 

Reflectance Spectroscopy (UV-Vis DRS Pharmaspec UV-

1700). The band gap value was determined using Eq. (1) [19]: 

 

                   (𝛼ℎ𝑣)𝑛 = 𝐴(ℎ𝑣 − 𝐸𝑔)𝑛                               (1) 

where α is the absorption coefficient, ℎ𝑣 is the photon energy, 

𝐴 is the optical constant, and 𝐸𝑔 is the optical energy band gap. 

𝑛 can take on a value of either 2 or ½ in the direct and indirect 

transitions. The TOC analyzer (TOC Teledyne Tekmar) was 

utilized to determine the total organic carbon. The UV-Vis 

Spectrophotometer (Type Orion Aquamate 8000) was utilized 

to measure the absorbance of the dye. 

2.5. Point of zero charges (pHpzc) determination 

A catalyst of 0.15 g was added to 25 mL of 0.1 M NaCl 

solution. The pH was adjusted to 2-12 using 0.1 M HCl and 0.1 

M NaOH. The solution was agitated with a shaker for 2 hours 

and subsequently allowed to rest for 24 hours. The pH meter  

ascertained the initial and final pH and the pHpzc was 

ascertained by analyzing the initial pH curve vs. ΔpH. 
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2.4. Photocatalytic Degradation 

The experiment was carried out using the batch method. A 

50 mL of dye (methylene blue/Congo red) with a concentration 

of 25 mg/L was added to 0.05 g/L bentonite-Fe3O4 (1:1) and 

pH was adjusted between 3 and 12 using HCl and NaOH 0.1 M 

solution. The mixture was put into a photoreactor and irradiated 

with visible light at a distance of ± 30 cm from the light source 

(60 watts, Phillip lamps). Before photocatalytic degradation, 

the solution was stirred using a magnetic stirrer for 30 minutes 

in the dark to obtain adsorption-desorption equilibrium 

degradation. The photocatalytic degradation variables included 

the initial dye concentration of 25, 50, 75, 100, 125, and 150 

mg/L, H2O2 addition was 1, 2, 3, 4, and 5 mL, and the 

irradiation time was for 10-120 minutes. The degradation 

efficiency (%) was calculated using Eq. (2):  

       Degradation  (%) =  
𝐶𝑜− 𝐶𝑡

𝐶𝑜
            (2) 

where 𝐶𝑜 and 𝐶𝑡 refer to initial and final concentrations of dye 

(mg/L). 

The reusability was determined by washing the catalyst for 

the photocatalytic degradation process at optimum conditions 

using deionized water and ethanol three times. The sample was 

subjected to drying in an oven at 70°C for 3 hours and 

subsequently reused for photocatalytic degradation. The same 

experiment was repeated up to 5 times [25].    

3. Results and Discussion 

3.1. Characteristics of Bentonite, Bentonite-Fe3O4 (2:1), and 

Bentonite-Fe3O4 (1:1) 

Figure 1 presents the XRD spectra of bentonite and the 

composites. The characteristics peaks of bentonite in the sharp 

peaks form were observed at 2θ = 20.86º, 26.66º, 36.54º and 

54.94º, which were planes (110), (210), (124) and (144) 

according to the standard of JCPDS bentonite (No. 01-088-

0891). The peak with high intensity at 26.66º with d (Å) of 3.33 

was the SiO2 of the Quartz phase according to JCPDS No. 46-

1045. In contrast, the bentonite-Fe3O4 peak had a lower 

intensity than bentonite with the presence of the new peak at 2θ 

= 35.78º and 35.67º in bentonite-Fe3O4 of 2:1 and 1:1 ratio. The 

cubic spinel phase of Fe3O4 was detected at 2θ around 30°, 35°, 

43°, 53°, 57°, and 62º, covering planes (220), (311), (400), 

(422), (511), and (440) according to JCPDS Fe3O4 No. 65-

3107. 

The Scherrer formula yielded an average crystal size of 18.4 

nm for bentonite. Meanwhile, the crystal sizes for bentonite-

Fe3O4 (2:1) and bentonite-Fe3O4 (1:1) were 10.5 and 14.8 nm, 

respectively. The smaller crystal size of bentonite-Fe3O4 

compared to bentonite indicated Fe3O4 dispersed on the 

bentonite surface and intercalated into the bentonite layer.  

Figure 2 displays the FTIR spectra of bentonite and the 

composites. The bending vibrations of water absorption, 

specifically H-O-H and O-H, are represented by wave numbers 

around 3400 cm-1 and 1600 cm-1. The absorption bands 

appeared in all three spectra. Jiang et al. [34] reported that the 

spectra at wave numbers close to 3630 cm-1 were Si/Al-OH 

stretching bands. The wave numbers observed were 3620.8 cm-

1 for bentonite and 3620.2 cm-1 for both composites. Si-O-Si 

stretching bonds were observed at the wave numbers of 1004.8 

cm-1 in bentonite, while bentonite-Fe3O4 (2:1) and bentonite-

Fe3O4 (1:1) appeared at 1006.7 cm-1 and 1004.6 cm-1. The band 

at 800 cm-1 was correlated with Si(Al)-O stretching vibration 

[36]. 

  

Fig. 1. XRD spectra of bentonite, bentonite-Fe3O4 (2:1), and  

bentonite-Fe3O4 (1:1). 

 

Fig. 2. FTIR spectra of bentonite, bentonite-Fe3O4 (2:1) and bentonite-Fe3O4 

(1:1) 

In bentonite, a sharp peak appeared at 912.3 cm-1, which is 

the Al-O-H group deformation vibration [37]. The peak also 

appeared with lower intensity in both composites. The peak at 

wave number 500-600 cm-1 indicated the presence of Fe-O 

bond stretching vibration. In both composites, a sharp peak 

appeared at the same wave number by 541.6 cm-1, in bentonite 

observed at 530.4 cm-1. The band as the bond of the Si-O-Si 

deformation vibration at a wave number of about 460 cm-1 

appeared in all samples.  

Table 1 displays the specific surface area, pore volume, and 

average pore diameter of bentonite and bentonite-Fe3O4 

composites. The bentonite surface area was 56.8 m2/g, smaller 

than bentonite- Fe3O4 (2:1) and bentonite- Fe3O4 (1:1) at 86.4 

m2/g and 106.6 m2/g. The Fe3O4 functioned to increase the 

distance between bentonite layers. In addition to the surface 

area, the pore volume also increased. Jiang et al. [34] reported 

the same result where the bentonite-Fe3O4-MnO2 surface area 

was larger than bentonite. The average pore diameters of 

bentonite-Fe3O4 (2:1) and bentonite-Fe3O4 (1:1) were 12.6 nm 

and 14.8 nm, respectively. As per IUPAC's classification, 
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mesoporous materials are characterized by an average pore 

diameter within the range of 2-50 nm 

Table 1. Pore parameters of bentonite, bentonite Fe3O4 (2:1) and bentonite-

Fe3O4 (1:1) 

Materials 
Surface 

area (m2/g) 

Pore volume 

(cm3/g) 

Average pore 

diameter (nm) 

Bentonite 56.8 0.124 12.2 

Bentonite-

Fe3O4 (2:1) 
86.4 0.248 12.6 

Bentonite-

Fe3O4 (1:1) 
106.6 0.782 14.8 

  The saturation magnetization of the composites was 

determined at room temperature using a vibrating sample 

magnetometer, as shown in Figure 3. The saturation 

magnetization value of bentonite-Fe3O4 (1:1) at 69.64 emu/g 

was found higher than bentonite-Fe3O4 (2:1), i.e. 58.93 emu/g. 

Since bentonite is non-magnetic, it can reduce magnetic 

properties. The same phenomenon also occurred in the 

activated carbon-Fe3O4 composite in which the saturation 

magnetization value of the activated carbon-Fe3O4 composite 

increased proportionally with its magnetic content [38]. 

According to Esakandari et al. [39], particle size also 

determines magnetic properties. It is directly proportional to 

magnetic properties due to the decreased domain crystallinity. 

The saturation magnetization value of bentonite-Fe3O4 is 

classified as superparamagnetic. In this study, the saturation 

magnetization of bentonite-Fe3O4 was found greater than pure 

Fe3O4 synthesized using the sol-gel method, i.e. 47 emu/g [40]. 

 

Fig. 3. Saturation magnetization curves of bentonite-Fe3O4 (2:1) and 

bentonite-Fe3O4 (1:1). 

SEM-EDS analysis determined the morphology and element 

composition. Figure 4 shows the morphology of bentonite, 

bentonite-Fe3O4 (2:1), and bentonite-Fe3O4 (1:1); meanwhile,  

Table 2 presents the EDS analysis. Bentonite appeared to have 

layers and was porous, while bentonite-Fe3O4 had a denser 

surface, indicating the presence of Fe3O4 entering the bentonite 

layers. Bentonite had a number of elements including O, Al, Si, 

K, and Fe with an increase in the percentage of Fe at the 

bentonite-Fe3O4 (2:1) and bentonite-Fe3O4 (1:1). Therefore, the 

composite has been successfully synthesized.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Fig. 4. Morphology of (a) bentonite, bentonite-Fe3O4 (2:1) and bentonite-

Fe3O4 (1:1) 

Table 2. Elements composition of bentonite and bentonite-Fe3O4 composites. 

 Bentonite Bentonite-Fe3O4 (2:1) Bentonite-Fe3O4 (1:1) 

O 61.64 62.34 56.58 

Al 12.47 5.60 2.48 

Si 24.01 12.87 6.82 

K 0.58 - - 

Fe 1.30 19.19 34.12 

Optical properties are important for material applications in 

electronic devices and photocatalysts. Figure 5 shows the band 

gap values of bentonite and bentonite-Fe3O4 composites. The 

bentonite band gap value was 3.70 eV, while the band gap of 

bentonite-Fe3O4 (2:1) and bentonite-Fe3O4 (1:1) were 2.62 and 

2.25 eV, respectively. These results are similar to Nakhaei et 

al. [31] where the MnO2/bentonite band gap was found smaller 

than bentonite. The decrease in band gap due to ferrite 

compounds had a reasonably small band gap value of ~2 eV 

[41].  

 

Fig. 5. Band gap of (a) bentonite, (b) bentonite-Fe3O4 (2:1), and (c) bentonite-

Fe3O4 (1:1). 
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3.2. Photocatalytic degradations of dyes 

Bentonite-Fe3O4 (1:1) was utilized for the photocatalytic 

degradation of methylene blue and Congo red dyes due to its 

larger surface area and smaller band gap compared to 

bentonite-Fe3O4 (2:1). The batch method was utilized to 

perform the photocatalytic degradation process at ambient 

temperature. The pH at which the material's charge was neutral 

was referred to as pH pzc [42]. The pHpzc value of the 

bentonite-Fe3O4 (1:1) composite was 6.2, as illustrated in 

Figure 6. The material exhibited a positive charge at pH 

solution pH pzc and a negative charge at pH solution values 

above pH pzc. Here, the photocatalytic degradation process 

was impacted by the charge of both the photocatalyst and the 

dye. 

 

Fig. 6. pH pzc of bentonite-Fe3O4 (1:1) 

Figure 7(a) presents the impact of pH solution on the 

degradation efficiency of methylene blue and Congo red dyes. 

The impact of pH on dye concentration was investigated using 

a 25 mg/L solution in a 50 mL volume with a catalyst dose of 

0.05 g/L and an irradiation duration of 80 minutes. The pH 

value of 11 was optimal for the photocatalytic degradation of 

methylene blue dye. Methylene blue is a cationic dye that 

exhibits greater adsorption efficacy at pH values higher than 

pHpzc. This is due to the negatively charged nature of 

bentonite-Fe3O4 (1:1) and the positive charge of the dye.  

Another finding revealed that the degradation of methylene 

blue using Fe2TiO5 was at best at a comparable pH [43]. The 

optimal pH for the degradation of Congo red dye was 5. Congo 

red dye exhibited significant solubility in acidic solutions with 

a pKa value of 4.1 at 25°C, and dissociated into the anion R-

SO3- [44]. Less than 5% degradation was observed during the 

degradation of Congo red dye under alkaline conditions using 

a poly(p-phenylenediamine)-Fe3O4 in both UV and visible 

irradiation. Methylene blue dye exhibited over 80% 

degradation [45]. 

Figure 7(b) presents the concentration effect on the 

degradation efficiency. The initial dye concentration was 25-

150 mg/L, dose of catalyst 0.05 g/L, pH 11 and 5 for methylene 

blue and Congo red dyes. The dye concentration is inversely 

proportional to the degradation efficiency. The availability of 

active sites on the catalyst surface is restricted in the presence 

of hydroxyl radicals (•OH), which can be disproportionate to 

the amount needed for the degradation. Additionally, a large 

dye concentration blocks the photon's path length to the 

catalyst, reducing the number of hydroxyl radicals [43].  

 

 

 

 

Fig. 7. Effect of (a) pH, (b) initial concentration of dye, 

(c) volume of H2O2, and (d) irradiation time on 

photocatalytic degradation of methylene blue and Congo red 

dyes using bentonite-Fe3O4 (1:1) 

Figure 7(c) shows the effect of H2O2 addition on 

photocatalytic degradation using bentonite-Fe3O4 (1:1) with the 

H2O2 (30 %) variation from 1 to 5mL. Photocatalytic 

degradation can occur without H2O2, as photoexcitation 
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generates electron-hole pairs on the surface of the catalyst. 

Subsequently, the decomposition of water leads to the 

generation of hydroxyl radicals (•OH) resulting in the 

degradation of the dye [46]. The reaction is presented as 

follows:  

Bent-Fe3O4 + ℎ𝑣    Bentonite-Fe3O4(𝑒𝐶𝐵
−  + ℎ𝑉𝐵

+ )         (3) 

H2O + Bent-Fe3O4(ℎ𝑉𝐵
+ )  •OH + H+ + Bent-Fe3O4       (4) 

•OH + Dye   Degradation product 

The hydroxyl radicals’ formation significantly accelerated 

when H2O2 was added to the solution, according to the reaction: 

Bent-Fe3O4(𝑒𝐶𝐵
− ) + H2O2  OH−+ •OH + Bent-Fe3O4    (5) 

H2O2 + e-      •OH  + OH−   (6) 

The dye molecules absorb energy and are excited by 

transferring electrons to Fe(III) to produce Fe(II) when the 

system is subjected to visible light irradiation, as shown in the 

following reaction [47]: 

Dye +  ℎ𝑣     Dye*   (7) 

Dye*   + Fe(III)    Fe(II) + Dye+•   (8) 

•OH + Dye/ Dye+•  Degradation product        (9) 

The degradation efficiency of methylene blue and Congo red 

dyes without H2O2 was 63.11 % and 68.78 %, respectively. The 

highest degradation efficiency with the addition of 3 mL H2O2 

was 78.23 % and 85.80 % for methylene blue and Congo red 

dyes. Furthermore, excess H2O2 resulted in a reduction in 

degradation efficiency where it reacted with hydroxyl radicals 

to produce OOH•, which are the weaker oxidizing agents [48]: 

H2O2 +  •OH       H2O   +  OOH•     (10) 

Figure 7(d) shows the irradiation time effect on degradation 

efficiency. The pattern of degradation efficiency for both 

synthetic dyes was the same, increasing at 0-90 minutes. The 

reaction time can increase by producing more free radicals 

responsible for degrading dyes [49]. The bentonite-Fe3O4 

degradation efficiency in Congo red dye was 98.45%, higher 

than methylene blue dye with 94.34%. The same phenomenon 

occurred in photocatalytic degradation using 

Fe3O4/ZnO/graphene + H2O2 where the degradation efficiency 

of methylene blue was more significant than Congo red dye 

[50]. Yang et al. [45] conducted the photocatalytic degradation 

of 9 types of dyes using poly(p-phenylenediamine)-Fe3O4 

composite where the percentage for each dye was different. 

Table 3 presents a comparative analysis of the degradation 

efficiency of various catalysts in relation to the dyes employed. 

The degradation efficiency in this study was found better than 

in some of these studies. 

Table 3. The degradation efficiency of some catalysts onto methylene blue dan Congo red dyes 

Dye Catalyst 
Initial concentration 

(mg/L) 

Dose      

(g/L) 
pH 

Irradiation time 

(minutes) 

Degradation 

(%) 
Ref. 

Methylene blue CoFe2O4 + H2O2 10 0.01 - 140 82.0 [18] 

Methylene blue MnO2/bentonite 20 0.2 - 120 87.0 [40] 

Methylene blue Fe2TiO5 50 0.05 11 250 97.0 [43] 

Methylene blue Brookite-rutile bi-crystalline TiO2 10 5 - 2160 48.0 [51] 

Methylene blue WO3 10 0.1 - 60 47.6 [52] 

Methylene blue Bentonite-Fe3O4 (1:1) 25 0.05 11 90 94.34 
In this 

study 

Congo red Fenton + Fe3O4/ZnO/graphene 40 - 3 120 90.0 [50] 

Congo red PbTiO3 6.97 0.75 6 150 92.0 [53] 

Congo red CoFe2O4 10 0.35 9 90 92.0 [54] 

Congo red nZVI 220 1.2 4 15 96.0 [55] 

Congo red Ni-TiO2 10 0.1 2 180 92.31 [56] 

Congo red Bentonite-Fe3O4 (1:1) 25 0.05 5 90 98.45 
In this 

study 

 

3.3. Kinetics model of photocatalytic degradation 

 

The photocatalytic degradation kinetics follows the 

Langmuir-Hinshelwood kinetic model. The constant value can 

be expressed in a pseudo-first-order equation according to Eq. 

(11) [18]: 

ln
𝐶0

𝐶
 = 𝑘𝑡                           (11) 

where 𝐶0 and 𝐶 are the initial and final concentrations of dye 

(mg/L), k is the rate constant for pseudo-first-order (min-1), and 

𝑡 is the dye concentration at a certain time (minutes). 

Figure 8 depicts the photocatalytic degradation kinetics of 
Fig. 8. Kinetic photocatalytic degradation of methylene blue and 

congo red dyes 
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the dyes. The dye concentration was 25 mg/L, 50 mL volume, 

0.05 g/L catalyst dose, 3 mL H2O2, pH 11 and 5. The correlation 

coefficient (𝑅2) obtained from the plot 𝑙𝑛 𝐶0 𝐶⁄  versus t was 

0.9906 for methylene blue and 0.9939 for Congo red. 

According to the value of the correlation coefficient, close to 1, 

the degradation of methylene blue and Congo red dyes 

followed a pseudo-first-order with 𝑘 values of 0.0356 min-1 and 

0.0348 min-1, respectively.  

3.4. Reusability of the photocatalyst 

Photocatalyst regeneration and reusability are essential for 

industry. The catalyst should be cheap, applicable, and safe for 

environment [55]. Catalyst reuse mitigates environmental 

secondary pollutants. Following photocatalytic degradation, 

the catalyst was rinsed with deionized water and dried. It 

underwent the reuse in the photocatalytic degradation 

procedure. The catalytic degradation process was carried out 

according to the optimum conditions: the initial concentration 

of dye 25 mg/L, volume of 50 mL, catalyst dose of 0.05 g/L, 3 

mL H2O2, and irradiation time of 90 minutes.   

Figure 9 shows the degradation efficiency after five 

experiments. It can be seen that the catalyst had high stability, 

reusability, and the decrease in the degradation efficiency was 

insignificant (< less than 5%) for methylene blue and Congo 

red dyes. The results were better than the photocatalytic 

degradation of methylene blue dye using Fe3O4 + H2O2 by 5% 

after five repetitions [24]. Therefore, bentonite-Fe3O4 (1:1) 

with the H2O2 addition under visible irradiation can be stated 

as an efficient catalyst to remove any contaminants in water, 

especially dyes. Methylene blue is a synthetic dye commonly 

utilized within the batik industry [57]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 9. Reusability of bentonite-Fe3O4 (1:1) for photocatalytic degradation 

of methylene blue and congo red dyes  

Total Carbon Analysis (TOC) was employed to assess dye 

mineralization pre- and post-photocatalytic degradation. Table 

4 displays the TOC efficiency of methylene blue at 85.01% and 

Congo red dyes at 88.99%. These results indicated that the 

degradation occurred even though the mineralization level was 

not fully achieved. Similar to another result, the TOC efficiency 

of photocatalytic degradation using Cu-doped ZnO-MWCNT 

against rhodamine B dye, phenol, and oxytetracycline (OTC) 

antibiotics was in the range of 70 to 80% [58].  

Table 4. TOC efficiency on photocatalytic degradation of methylene blue and 

Congo red dyes using bentonite-Fe3O4 (1:1) 

Dye 
TOC (before) 

(mg/L) 

TOC (after) 

(mg/L) 

Efficiency 

(%) 

Methylene blue 41.67 6.25 85.00 

Congo red 62.87 6.92 88.99 

4. Conclusion 

Bentonite-Fe3O4 magnetic has been synthesized by the co-

precipitation method. Bentonite-Fe3O4 with a mass ratio of 1:1 

showed a larger surface area and saturation magnetization than 

bentonite-Fe3O4 with a ratio of 2:1, while the band gap of 

bentonite-Fe3O4 (1:1) was smaller than bentonite-Fe3O4 (2:1). 

The bentonite-Fe3O4 (1:1) is superparamagnetic and this 

property is the advantage of a catalyst. After the photocatalytic 

degradation process, the catalyst can be quickly separated from 

the solution using a permanent magnet. The application of 

bentonite-Fe3O4 (1:1) for photocatalytic degradation to 

methylene blue and Congo red dyes showed a higher 

degradation efficiency to Congo red at 98.45% compared to 

methylene blue at 94.34%. The bentonite-Fe3O4 (1:1) can 

potentially be used for wastewater treatment, especially those 

containing industry dyes. The five-time reusability of the 

bentonite-Fe3O4 (1:1) for photocatalytic degradation, which has 

a high degradation percentage, showed good performance and 

stability catalyst. 
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